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ABSTRACT

The thermonuclear evolution of a 1.41 M° peutron star accreting
both solar and metal—-deficient mixtures of hydrogen, helium, and heavy

1t 10_10 Mo per vear is exam-—

elements at rates ranging from about 10-1
ined using a one—dimensionsl num~rical model. The metal deficient com—
positions may result either from placement of the neutron star in a

binary system with a Population II red giant or from gravitational sct-
tling of heavy ions in the accreted meterial. For such accretion rates
and metallicities, hydrogen burning, mediated by the P-linited CNO

cycle, is stable and leads to the accumulation of a thick helium layer

with mass 1022 to 1025

8 and temperature 0.751851.2. Helium ignition
occurs under extremely degenerate circumstances and is catastrophically
violent. 1In the lower mass helium shells this runaway is propagated as
a convective deflagration; for the thicker layers a detonation front is
set up which steepens irto a strong rolativistic shouck wauve in the neu-
tron star envelope. In all model!s greatly super-Eddington luminosities
in tho outer layers of the neutrun star lead 20 » sustuined epoch of
radiatively driven mass loss, Observationally, such models may
correspond to rapid x-ray transients. The hopclexs prospeat for con
structing a one-dimensicnal nmudel) for y-ray bursts without mugnetic

field confinement is discussed and uncertainties pointed out in the

strony screening correc’ion for the helium burning reaction,

Subject headinpga: starsa: accretion - stars: ncutron - X rays: bursts



I. INTRODUCTION

Following the cbservation by Hansen and Van Horn (1975; see also
Van Horn and Hansen 1974) that hydrogen and helium burning might occur
‘n an unstable manner on the surface of an accreting neutron star, Woos-
ley and Tasm (1976) advanced a model for y-ray and x-ray bursts bascd
upon thermonuclear instebility in carbon and helium shells respectively.
A similar model for x-ray bursts based op hydropen shell flashes was
proposed indcpendently by Maraschi and Cavelierc (1977). Since that
time, extensive numerical calculations (Joss 1977, 1978, 1979, 1980, 1981,
Toss and Li 1980; Taan 198Jabc; Taam and Pinklum 1978, 1979; Lanmb anAa
Lamb 1978; Fugimoto, Hanawa, and Miyaji 1980) have shown the thernonu-
clecar nodel to be particularly useful for interprcting the observed pro-

perties of Type 1 x—rny bursts (Lewin and Clark 1980).

Thus far, these numerical investigations, principally of heljun
flashes on wecutron stars, have concentratcd on scenarios that involve
relativcly high accretion rates (with the exception of Tnam and Pickluna
1978 and Van Horn and Hansen 1974), resulting in the accuaulation of
soall helium layers (~ 1022 g cf. Joss 1978). Since these calculaiions
indicate a pesk luminousity that is already ncar the Eddinpton value, it
is rcesonable to expect that the greater encrgy availsble from a morc
macrfivo helium layer might yiceld an event having a lonper timescale (Jows: 1UB1D),
Rapid x ray transionts have been observed with duration from 10 s to a
few hours (Cooke 1976, Schrijver ot al. 1978), and one of tho main pur

poscs of this paper is to investigate the pussibility of producing such

long duration ovents within the context orf the thermonuclear model,



Section 1I describes the results of our one—-dimensional numerical calcu-
lations of neutron stars accreting material containing 0.004% to 2%

heavy metals at rates of 10711

to a few times 10710 M /yr. Section III
discusses some simple analytical methods that canm be used to describe

the basic physical principles involved. Section IV svmmarizcs the major
conclusicns of the study, end the Appendix describes an improved formal-

ism for determining the enhancement of nuclear reaction rates by elec-

tron screening.



Il. RESULTS OF NUMERICAL CALCULATIONS

a) Physics of the Calculation

The present study of thermonuclear flashes was carried out using
the KEPLER computer code ceveloped by Weaver, Zimmerman, and Woosley
(19783 henceforth WZV) to study advanced stages of stellar cvolution.
This one-dimensional Lagrangian code incorporates fully implicit hydro-
dynamics and radiation transport. It is essential that implicitly
differenced bydrodynamics be employed for the proper tracking of dynznic
events in the surfacec layers of a neutron star, since a sub: . tial acd
intercsting fraction of the star remains in hydsostatic equilibrium
feeding encrgy either by acoustic waves (which may steepen into shocks),
or by convective and radiative transport to another part cof the star
that is in rapid motion. Courant timc-scale limitutions would pose a
severe difficulty in any attempt to use explicit bydrodynamics to study
the problemns we shall discuss heie. An artificial viscosity was
employed to mediate shock wave interactions, hut the dynamic viscosity
coefficient included only the quadratic term (i.c, P 0, [1 -0, and
(2 = 1 in equation [3] of WZW),

Nuclear enrrgy generation was colculated using a 19 isotope nuclear
reactinn network (also inplicitly differenceds see YWZ2N). PFull coupling
including all relevant strong and electromagnetic renctions was incer:
porated for abundant nuclei from hydrogen to SoNi. Elcectron capture on

5 :
6Nl was included and betn-limitation of the CNO cycle of hydropen burn



ing was properly considered. Nuclear reaction rates were taken fronm
Fowler, Caughlan, and Zimmernan (1975) and Woosley ¢t al. (1978).

Screening corrections were tuken from Graboske et al. (1973; see also
the Appendix), and neutrino loss rates from Beaudet, Petrnsian and Sal-
peter (1967). An extensive reaction network of this type is essential

for the present study where the temperature substantially exceeds 31109

A detailed model of time dependent convection based on mixing
length theory was also employed, as was an equation of state that incor-
porates leptonic contributions of arbitrary relativicity and degcuneracy
(for further details of the convective theory and a discussion of the
radiative and conductive opacities, sce WZW). DModifications of convec—
tive transport aud opacities owing to the possible presence of a strong
magnetic field werec not considered in these calculations. Two-
dimensional effects such as magnetically focused accretion are discussed
clsewhere (Woosley and Wallace 1981). Our calculations here arc
strictly applicable only to slowly rotating neutron stars with weak

fields, undergoing spherically symmetric mass accrection.

A 1.41 Mo neutron star with a radius of 14.3 kn was employecd for
all calculations. Those characteristics correspond to a rather "stiff”
nuclear equation of state intermediate to thoss of Lethc and Johuson
(1974) and Pandharipande and Smith (1975ab). See Baym and Pcthick (1979)
for a comparison of R vs. M for various nuclear eyuations of state. In
the present work the neutron staor participates only by providing the

(nearly constant) gravitational potcntia! in which the explosion occurs.



Thus the only relevant quantity is M/R;. In 2l1] cases we shall be con-

sidering events at densities much less than 109 g cmh3

.This places us in
the onter 1) = of the neutron star mass in a region less than 200 m

thick composed of "normal” nuclei.

Ceneral and special relativistic corrections were not incorporated
into the present study. In most cases, such corrections are estimated
to be small (Joss and Li 1980), and counld be compensated for by small
changes in model parameters (M.R,h.Z) that are inherently uncertain. An
exception occurs in the relativistic shock wave produced at the surface
of the neutron star by Model C (see Section II), and it is sugp sted
that future calculations of detonating models be carried out to examine

the dctails of this shock wave breakout.

b) Pre-Explosive !Models

Taam (1980a) has shown that for a neutron star of given mass and
radius there exists a critical accretion rate below which hydrogen will
burn in steady state, This is certainly true for cases in which the
temperature is high enough to assure f-limitation of the CNO cycle but
not high enough to ignite helium burning, and may also be true for lower
temperatures. In this steady state, hydrogen consumption proceeds ut a
rate matching that of surface accretion. A layer of helium accumulatfes
beneati the stably burning hydrogen shcll until a sufficicnt density is
attaincd for heliun ignition either by tuc resonant triple-a recaction

(zcletively high temperaturcs) or by pycnonuclecar helium burning reac-



tions (very low temperatures).

The thermal history of the neutron star prioi to the thermonuclear
ontborst is an important unknown parameter (Taam 1980ab). We find that
only a small fraction, ¢ 0.1%, of the energy from the thermonuclear
bursts is conducted into the inpner meutrom core (p > 109 '3 cm—a).

Since our models produce less than abont 1042 ergs in the thermonuclcar
outburst and the thermal coctent of the neutron star is expected to be ~
1046 ergs (Hansen and Van Horn 1975), the flashes should have a megligi-
vle offect on the tkermal content of the stellar interior. It is
assumed that over the course of many such flashes the neutron core
reaches s stcady temperature owing to the balancc of hecat flow inwards
from the stable hydrogen burning shell anl neutrino losses in the cen-
tral regions. The temperature of the entire peutron stsr is thus taken
to be that of tic hydrogen burning shell. Energy deposited ty accrction

is presumed to be immediately radiated away without greatly affecting

the internal thermal balance.

Since the energy generation rate for the B-limitcd CNO cycle
depends directly on the metallicity, Z, of the material (loyle and
Fowler 1965), the structurz of the hydrogen burning shell is very sensi-
tive to composition. Unfortunately the metallicity is uncertain owing
to the possible depletion of the C, N, and O nuclei that may occur in
the sccroted material because of gravitational settlicg, Heavy ion
depletion has been shown to be important in white dwarf envelopes (Fon-
taine and Michaud 1979, Alcock and Illarionov 1980). While the diffu-

sion coefficients for the degenerate conditions in the neutron star



envelope are currently too uncertain to calculate the actual metal abun-
dances, we expect the effects to be large, given the substantially
higher surface gravity of a neutron star compared to a white dwarf.
Because of this uncertainty, as well as the possibility of accreting
material from an extreme Population II companion, we have considered
both models in which the accreted matter has solar metallicit> aad vari-
ous low values of metallicity. Later in Section III we will prescnt a
semi-analytic procedure for estimating the outcome of accrection with
values of metallicity other than the three representative models dis—
cussed here.

1146 1077 M /yr) may be

The accretion rates used in this study (10~
reasonable for a bare meutron star passing through a dense interstellar
cloud, a neutron star in a widely separated binary system with a giant
star, or a neutron star in a close binary system dominated by gravita-
tional radiation, such as in some cataclismic variables (Faulkaer 1971,
WVhyte and Lggleton 1980). Tn faci, Whytc and Eggleton suggest that evo—
luti1onary constraints oa some cataclismic binaries inherently produce
just such accretion rates as considered here (although their calcula-—

tions were performed specifically in the case of 2 white dwarf compan-

ion, rather than a neutron star).

i) Modcl A

A l.41 Mo star envelope of 1023 g was divided into 80 mass zones,

with zones concentrated necar the surface. The radius of each zone wuas
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chosen in such a manner as to put the entire star in an initial state of
hydrostatic equilibrium. The compusition of the "accreted” matter was X
=0.70, Y = 0.2991, and Z = 9x10™%, where X, ¥, and Z denote mass frac-

tions of IH. 4He and metals respectively. Here "metals’” were ta:er to

14,154 .4 14

be in the form of N, since the normal and B-limited CNO
cyclcs are presumed to operate while the material is heated to our ini-
tial starting temperature, and such processes concentrate materizl in

those isotopes., This accreted material is presumed to rest on a sub-—

strate of pure 56Fe.

For a given neutron star mass, radius, accretion rate ﬁ, and metal-
licity Z there is a unique steady state temperature T, , density Py and
accreted mass Mﬂ characterizing the base of a stably burning hydrogen
envelope (Hansen and Van Hern 1975, Taam and Picklum 1978). Alterna-
tively, one can take the approach followed herc of specifying for a
given neutron star the values of Z and TH‘ and then eczlculating the

1.21XIO8 K and Z =

Hi

corresponding MH needed for stable burning. For T

R
9110—4, the statle hydrogen burning layer contained 6.011021 g. The
5 -3

density at the base of this layer was Py = 4.28x107 g cm and the

nuclear contribution to its steady luminosity Ls from the B-limjted CNO

34

cycle was 3.1x10 erg s1 (accretion would yield 1.Ox1036 erg s—1 from
gravitational erergy). Sincc, in stcady state, hydrogen burns at the

same rate as material accretes, the nuclear luminosity is just

Y -1
L, = g M ergs, (1)

where e is the energy rcleascd from hydrogen burning (q"/X = 6.83“018
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erg g—l). Thus, the steady state (nuclear) luminosity corresponding to

accretion of matter containing 70% hydrogen is

34 M, yr_l) erg s 1, (2)

L, = 2.66110 M/ (10710

10

and the value found above for Model A yields M = 1.2x10° Ma/yr'

After obtaining the steady state hydrogen burning envelope, the
amount of helium ben:ath the hydrogen shell was incrcased at a rate

equal to the fluxr of matter through the burming shell (i.e., M). When

3

the helium layer reached a mass Mﬂe = 1.41102 g (with a density at its

base PHe = 6.411106 B Cm_3), a helium runmaway ensued.

i1i) Mode

—
1=

Model B waos generated from Model A at the point when the helium
runawny had just begun, but with the composition of the entire hydrogen
envelope switched to pure 4l]c. This was done in on attcmpt *to circuc-
vent serious numerical difficultics encountcered as the heliun convective
shell penetrated into the hydrogen envclope in Model A (sec Scetion
ITc). Elimination of the hydrogen laver oncc the helium h.s begun to
run away should not have a significant e*fc:t on the totul gross cner
getics of the event, as tho total nuclear energy available from the
hydrogen shell is only about one percent of that available from the
helium shell (sce al o Joss 1978). Also, to facilitate further calcula
tion, the interior of “he ncutron star in Model B was replaced with a

hard inner boundary at R+ 14.25 km, ¢ - 2,01]07 g cm>3, with 711()2J f
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outside the boundary. The energy flux through the inner boundary was

set to zero. Throughout the evolution of Model B the temperature of
this inner boundary never rose more than 10% and the actificial removal

of the neutron core should hsve little impact on our results.

iii) Model C

Model C was alsc generated from a 1.41 Mo peutron star in the same
manner as Model A, but with an envelope composition of X = 0.70, Y =

0.299%6, and 7 = 4x10—5_ The steady state hydrogen burning solution was

22 7

characterized by bh = 2.4x10 = 7.45210" K,

8. Py = 1.14x10° 8 em ¥, T

H
33 -1 ) -11 .
and Ls = 5.50x10 erg £ , so that M = 2,07x10 Molyr. Calculating

the evolution as for Model A, we found that a thermonuclear ruaaway

occurred in the helium when Muc : 1.031025 g and p = 1.1511()8 8 cm 3.

The interior of the neutron star was replaced with a hard inner beundary

- 29
at R = 13.444 km, p = 4‘1011 g cm 3. with 5.5x10 g of material outside

the boundary.

iv) Model D

Model D was also generated from a 1.41 No ncutron star in the sane
manner as Model A, bhut with an envolope composition of X - 0,70, Y =

0.28, and 7 =~ 0.02 (approzimately solar metallicity). The stable hydro

20
gen burning sheil was characterized by M“ - B.0x10 (

_3 . .
<o, Th - 1.22710a K, and L. - 9,39;1034 erg s b, 50 that

3

\
’ =4 . ) )
[ 3 pu 1.0210° g
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ﬁ = 3.53110—10 Mo/yr. Calculating the evolution as for Model A, we
found that a thermonuclear runaway occurred in the helium when Mﬂe =
2.7x1023 g and PRo = 9.5x106 8 cm-3. The thermodynamic conditions at
the helium shell base in lModel D arc almost the same as those for llodel
B, therefore the resulting outburst for the two models should be nearly
identical (scc Scction 1II). The culculation of Model D was thusi ter-
minated at the onset of the runsway, aad was perforomed oaly to i1llus-
vratc that am event such as the one calculated for !Model B can be pro
duccd over a large range in envelope metallicities, with snall
corresponding chunges in h. Thus for most observational purposes, Model
B could also bc thoughkt of as a ncutron star accreting solar metallicity
-10

material at 3.5x10 Mo/yr. The characteristics of each model are sun-

marized in Table 1.
€) The Exzplesive Qutburst

i) Model

>

The helium runawny in Model A developed on a rapidly accelerating
timescale, A ‘i.ec of 106 s was requircd for the temperaturce at the
helium shel!l base to rise from X.2xlﬁ“ K to 1.31108 K, an additional 000
8 to rise to 1 5:10H K. and only another 10 s to reach l.QxIO" K.

Within 0.4 s after attaining 1.9:1()R K, the luninosity at the basxe of
31 42

the helium layer increased from 4x10°° to 7x10 erg n—l and Qits tem

Q
perature reached 1.9x10 K. The carbon abundance throughout the heliunm
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convective shell became 19% by mass. During this time, the surface

luminosity did not change from its initial value, although a convective
zone grew from the base of the helium layer to the hydrogen shell. At
the time of convective interpenetration, the temperature at the inter-

face was about 51108

K. As protons were convected into the single
helium zone just below the interface, carbon in that zone, which had
been produced by prior helium burning, immediately rcactcd through
12C(p.y)lsN(p.y)140 causing the encrgy generation in the zone to

increase, within ~ G,1 ps, from 2!1018 erg 3-15_1 to 3.511024 erg

g_ls—l. By a time of 0.24 us (15 timcsteps) after interpcnetration,
heat releascd by proton capture had lowered the temperaturc gradient

in the outer zone of the "helium shell' to a subadiabatic value, ending
the convective linkage. At this point the outcrmost helium zone has
changes its identity and tecomct the innermost zone in the hydrogen burn-
ing shell. Becausc of the energy input by proton capture on carbon the
(new) base of the hydrogon shell becomes convective. During the next 3
us (30 timesteps), al!l 120 in this J.Ox102l g zone was depleted, end the
mass [raction of 1" increasod from zero to 0.51, Within 7.3 pus after
interpenetration, tho excess luminosity produced by the flash caused the
radius of the photospliore Rp to increase 17 m to Rmnx ~ 14,330 km.

Aftor reaching this radius, the photosphere fell back again, and the
surface luminosity incroased owing to a combination of compressional
heating and convective and conductive transport of oncrgy to the surface
from the helium burning shell. The surface luminosity increased from

036 1

. 38 1 -
1 VIR 8 to 3x10 erg s, and lcff incroased fron 5:100 to

21.3x10% K in 0.48 px.
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The thermodynamic structure of the envelope when L = 1.8x1038 erg

‘—1 (5 ps after the photosphere reached Rmax) is shown in Figure la.
Figure 1b <:Lw> the composition of the envelope at this time. A total
of 5.47 ps after the photosphere reached Rmax’ it had decrcascd to a
minimum at 14,318 km, and then continued to oscillate scveral times with
& period of about 12 pus before being damped. It is interesting to
speculate that if the neutron star contained a strong frozen—in magnetic
field (~ 1012 gauss may bc expected), an impulse of sufficient strength
to raise the surface 17 m in 7 ps might produce non-thermal radiation by

interacting with the magnetic ficld (Ramaty et ai. 1980),

At a time 275 ps after the first convective shell mixing, the
hydrogen and helium shells linked once more, this time raising the pho-
tosphere 53 m to 14,385 km in 12,9 ps. An additional 83.7 ps later, a

-10 s) required to

third linking occurrcd. The small timesteps (~ 10
cnlculate the evolution through the hydrogen/helium convective linkages
with roalistic mass zoning would require a prohibitive amount of com-
puter time, so the calculation was terminated aftexr the third linking,

A totn. of 2:1()2l g (~ 30% of the initinl envelope abundanco) of hydro-
gen had been consmmed by the ond of the third linking. The relatively
coarse zoning that we employed, combined with the mixing of a single
(cntire) zone during each convective linkage, introduces considerable
uncertainty in our quantitive results for this phenomenon., Temperaturces
of 81108 K in the convective zones during linkagos sugpest that the rp-

process of hydrogon burning (Wallace and Woosley 1981) may bo dmportant,

The regions cool quickly (within a few milliseconds), so that laittle
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nucleer processing beyond 21Mg would be expected; however, the thermo-
dynamic conditions are such that a—captures on Ne, Na, and Mg isotopes
may begin to affect the evolution (see “Yallace and Woosley 19813 Figure

2).

el

ii) Mode

p—a
=

|
|

Fortunately, the entire store of nuclear energy available in the
hydrogen shell is only about one percent of that available in the helium
layer. Except for cffects produced by the coupling of (hydrogen flash
induced) surfacc oscillations with the magnetic field, thc gross charac-
toristics of any burst resulting from a helium shell instability should
not be significantly altered by ignoring the presence of the hydrogen
layer (Joss 1977). Model B was thus constructed from Model A at the
point where the heliwn runaway had just begun, but with the composition
of the "hydrogen” envelope switched to pure 4llc. The point at which the
energy gencration rate exceedod 5:1020 erg g—l 5—1 and the timescale for
increasing the tomperature 5% declined to under 10 us was defined as the
"onset” of the runaway (t—0). Within the following 1.5 ms, convection

transported energy to the surface, producing a luminosity of 1038 erg

.—1. Thermodynamic conditions in the envelope at this point are shown

in Figure 2a. A poak temperature of 3.2!109 K wan roached at the base

of the helium burning shell, and the surface velocity approached 30 km
-1

8 , alihough hydrostatic equilibrium was maintained throughout the

event. The envelope composition at the same time in shown in Figure 20,
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The convective nature of the deflagration wave smooths the abundances
over a large portion of the envelope. By 10 ms about 90% of the heliun

is consumed, producing 56Ni through a chain of alpha-captures on 12C,

12 12

accelerated by the C + C reaction, The temperature sensitivity of
these a-capture and carbon burning reactions allow helium to be consumed
rapidly enough to produce the high luminosity and rapid rise time of the
event, After 10 ms, the 12C abundance has decreased to such a low value
that the remaining helium must be burned by the slower, temperatuce
insensitive (at these high temperatures, ~ 3x109 K) triple alpha (3u)
rcaction, so that the helium abundance remains above 1% until a time of
about 50 s, well after the envelope had become convective., The
occurrence of nucleur burning simultancously with convection may lcad to
interesting effects (Ruderman 1981), but we have not considered the
non-standard modifications to time dependent convection theory that
would be required to follow them. Beyond about 50 s, the major energy
production mechanism in the model is gravitational contraction rather
than nuclear renctions., The light curve for thiy event is shown in FIig
ure 3n, and the evolution of the photospheric radius and effective tenm
peraturc is shown in Figure 3b, The rapid rise time (¢ 3 ms) for the
ITuminosity is given in the inset to Figure 3a. Note, however, that the
rise time for this 1D model is even shorter than the sound transjit time
around the star, ap! must not be taken as the obscrvable rise time. The
runaway would actually be expected to begin at a point, and then pro

pagate along the envelope base at a speed well below sound speed.  Two

dimensional aspects of thin shell buruing in this context ace discussced by
Ruderman (1981, Woonley and Wallace (1981 and by Fresell and Wone oy (1ast,

g2y, The
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radius did not change significantly until after t = 4 ms, but by t = 15
ms, a combination of increased internal energy and strong radiation

pressure (with accompanying mass loss) had increased the effective pho-
tospheric rad‘us to a value of 30 km. The luminosity re.ained constant
at the Eddington value (LEd) for 250 seconds, and then declined rapidly
to a value of 0.5 LEd in about 50 seconds. Figure 4 shows thec luminos-
ity at the base of the photosphere (r = 14.35 km), which is over two

times LEd' indicating the large amount of energy being stored in the

gravitational potential of the expanding photosphere.

Unfortunately, the Lagrangian natuvre of our hydrodynamic code
prevents a precise tracking of the photospheric evolution past this

14 g), which are required to

point. Very tenuous surface zones (¢ 10
adoquately resolve the photospherc, are accelerated to such high veloci-
ties (v 2 Vesc ™ ¢/3) that thc density decreas - rapidly in those zones,
Althcugh the code is capable of continuous automatic rczoning. following
smnl!l zones as they move down the steep density gradient scparating the
neutron stac surface’” from the photosphere would require timesteps
stinller than 10“5 s throughout the 250 s duration of the mass loss
phase. The surface zones were thercfore limited to M ) l()iq g for ren
sons of expedicncy in a "“first pass” calculation, even though the photo-
sphere could not be resolved with such coarse zoning. After the lumi-
nosity dropped below the Eddington value, the photosphere again recnded

to the radius of the original neutron star, The final cooling curve,

duc simply to radiantive cooling, could then be obtained.
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To det: ne .¢c mass loss phase might have a steady state solu-
tion and to ; «p :solve the photosphere, we picked up the calcula-
tion &t threc r¢ tative points during the "super-Eddington’” portion
of the evolutio cated in Figure 3a), and zonzd the outer layers of
the star on & - ne scale {down to 1014 g per zone). The timestep
qQuickly dr ~pe out 1 ps as the apparent radius of the photosphere
increassd nr e to the fine mass zoning. Once the transient
response t tosphere to thec abrupt rezoning had passcd, the rapid
(artific:. ) 1se in radius slowed, but the radius continued to
expand ;- 1lu approximately lincarly with time, ~< shown in Figure
5. Thi: r: increase is a vesult of additioaal mass being pushed
into the e photosphere by a super-Eddington luminosity below, It
is importa- note that the photosphere is not fixed in Lagrangian
coordinat« ss flows through @ standing, dynamic photosphere,

If 1 d at the photosphero, then the excess enecrgy is abruptly
convert n increase in ; beneath the photosphere, so that the lumi-
nosity s near the Eddington valuce regardless of photospheric loca-
tion, ore, tho etfective emiscion tomperature at any time is
detec: 'y the radius. Since OT:ff - L/4nR§ with only a lower limit
to L i in our calculation, this implies an upper limit for Teff

(see :ugure 3b). A more detailed study of the photospheric behavior
will require either annlytic calculatinn beyond the scope of the present
paper, or the usc of an Fulerian hydrodynamic code. Since the mesh in
such a code would not expand with the wind particles, this would elin

inate the wrtificial timestep constraint imposcd by the Lagranpian



20

method, However, the qualitative noture of the solution is expected to

6

remain as follows. After a short (few ms] spike of higher Te ~ 15x10

ff
K, limited by the irnertial response time of the neutron star surface,
the photosphere is guickly driven outward by radiation pressure, lower-
ing its effective temperat te. The emissiou temperature Teff then

rises very slowly, eventuually increasing to a peak as L becomes
slightly lower than LEd and the radius begins to decrease. The radius
cannct decrease beyond the value of the initial neutron star, so late in
the evolution Teff declines with the decrecasing luminosity. Throughout
the event, the effective temperature remains quite small (kT ¢ 2 keV).
In addivion to causing the photosphere to expand, the radiation
pressure accompanying the super Eddington luminosity also sccelerates a
small amount of surface material to the escape velocity. Beyond about

20 km, the mess loss rate mL (~ 4npvr2) is almost constant at ml ~ 10

18

8 s—1 (Figur: 6), but declincs slovly et grecater distances. This mass
loss rate, as measured at iuiinity, remsins within the renge (0.7 to
1.5) x 1018 B 3_1 throughout the F 'dington limited phase. A total of

2 x 1020 g with energy around 100 MeV/nucleon is lost in the radiatively

driven wind during the outburst in Model B. Implications of this radia-

tively driven mass 'oss are discussed further in Section IV,

44} Model C

Model C represeunts a neutron star accreting lower metallicity (Z -

4110m5) material (or more likely, material in which substantial dople-
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tion of heavy ions occurs by diffusion following accretion) and at a
low<r accretion rate (M = 2x10 11 Molyr) than Model B. These conditions
result in a lower temperature for the burning shells, allowiag a larger

mass of helium to accumulate, thus producing a more violent runaway,

sufficiently violent, in fact, to occur as a detonation wave. Nuclear

¢nergy generation bekind this wave is produced first by burning Leliunm
to form 12C. and then becomes dominated by the reactions 12C + 12C and
12 16 . . 56,,.

C(a,y)" 0. A chain of alpha captures extending to Ni eventually
nesses all the helium into nickel, although £ 43%o0f the initial
aelium in the envelope burns in the detonution wave itself (Figure 7).
As it nears the surface, the dectonation wave steepens into a sirong
relativistic shock in the steep density gradient. The shock specd is

greater than 0.l1c and creates an overpressure P2/P > 1000 in 8 layer

1
1020 g below the surface. As the shock wave breaks throuzh the surface

(about 7 ps after helium ignition), the lumirosity rises briefly to 1042
erg 5_1 for a period that lasted only 0.1 ps. Our treatment of this
phase is scmewhat inaccurate owing to the neglect of special rela-
tivity. A very small fraction of the total energy in the event was
emitted in this y-ray “precursor”, whosc cffecctive temperature reached

1.61108 K. Tre surface luminosity quickly drops back to 1036 erg s

|
and remains at approximately that level until the encrgy deposited in
the suzface laycr by the shock has been released as the envelope scttled
back onto the star. Heating from the envelope falling back to the sur-
foco causes the luminosity to reach the Eddington value about 1 ms after

the shock had emerged. Note that this rise time is much faster than the

time for radiation to ¢iffusc upwards from the burninp shell.



Thermodynamic conditions in the envelope at a time just after the shock

reached the surface are shown in Figurc 7a2. Temperatures as high as

61109 K were reached at the base of the helium shell, rnd surface velo—

cities exceeding 1010 cm s_-1 were produced. The envelope composition at

this time is shown in Figure 7b. Even more thao in Model B, the high
temperatures produce & nuclear statistical equilibrium that favors free
alpha particles until cooling begins. The helium eventually (after the

temperature begins to full) burns completely to 56

56F

Mi, which later cap-
tures electroans to form ¢. Both effects produce an enduring source
of nuclear emergv. At a time about 2000 s after the beginning of the
outburst, the heliom abundance has declined to 1%, and the major energy
source becomes gravitational contraction. supplemented by 56Ni decay,
rather than nuclear fusion. Radius and temperaturc st the boundary of
several representative mass regions in the envelope during the rise in
surface luminosity are given in Figures 8a and 8b. Rapid envelope
oscillations caused by overshenting equilibrium values may be releve .t
to the microstructure observed in some y-ray bursts, if such events are

caused by the magnetic confinement of plasma produced by a thermonuclear

runaway {(see Woosley and Wallace 1981).

The light curve produced by Model C is shown in Figure 9a, and the
evolutjion of the photospheric radius and effective temperature arc given
in Figure 9b. The Aashed line in Figure 9a indicates a typical value
for the Eddington luminosity during the first 5500 s. During this time,

56

further processing of hydrogen and helium into Ni leads to a small

decrease in the opacity mear the surface, cauvsing the photospheric lumi-
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nosity to increase slightly (see Section IIIc, eq. [17]). Data points
in Figure 9a come from finely zoned models and suggest that the varia-
tion in the luminosity within the first 1.5 hours is less than about
25%. Figure 9b shows the cLaracteristic hardening of the effective tem-—
perature during the burst, followed by softening in the tail. As in
Modei B, radiatively driven expansion of the photospher:s limits kTeff to
a few keV. The effective temperature during the precursor spike cased
by shock wave breakout is shown in the insert of Figure 9b. Since the
radius did not change significantly until well after the shock had bro-
ken through the surface, the shape of the luminosity curve during the

spike precisely follows that of the T curve, The radiation pressure

eff

* 8 - . .
again causes a mass loss, with mo~ lfl E s 1, during the Eddington

luminosity phase, ejecting a total mass of 531021 g os a radiatively

driven wind.

Figure 10 shows the neutrino luminosity L., during the outbur-!
: 43 . .
Although a total energy of 1.66x10 ergs was liberated ic the event,
. . . . . 42

89% of this energy is emitted as ncutrinos, with only 1.9x10 ergs
emittcd jn photons. The early plateau evident in the neutrino loss
curve arises from o balance in power between the neutrino loss rate and
the nuclear emergy generation rate. Beyond a tiwe of about 6070 s, the

. . . 56,,.,.— 56 .
peutrino contribution from - Ni(e V) is comparable to that from

36

plasma processes. Sin<e the Ni decay ratec is somewhat uncertain uader

the thermodynamic conditions prevalent here (T9 < 2), the curve in Fig-
ure 10 is dashed beyond 6000 s. For t ) 104 s, SﬁNi decay is the dom-

inant necutrino production mechanism.
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IIX ANAFYTIC APPROXIIMATIONS

8) Stable Hydrogen Burning Shell

The numerical models discussed in Section II suggest that a range
of qualitative results (event timescales, deflagration/detonation burn-
ing, event energv, etc.) can be produced for various values of mass
accretion rate and metallicity. Simple analytic models of the envelope
evolution are beipful ir illustrating the dominant physical principles
involved, and may allow the generalization of numerical models to arbi-
trary values of h and Z. Conditions at the base of a stable hydrogen
shell could be determined by dotailed integration of the stellar struc-
ture equations (Hansen and Van Horn 1975; Taam and Picklum 1979, Taam
1980b), but we chose for simplicity and illustration a semi-analylic
method that approximates the hydrogen shell conditions with reasonabln

accuracy.

If the hydrogen in the accreted matter is to burn at the same ro-r
at which it is accreted, ihen the nuclear contribution tv the luminosity
must be given by equation (.). For our chboscn parameters, nuclear
energy will be genmerated by th° [ -limited CNO cycle, witb energy sup-

plicd at a rate L‘3 = eBMf' Here eﬂ is the energy generation rate (Hoyle

and Fowler 1965; Wallace 1d Woosley 1%31) and M‘ is the mass of hydro-—

f

gen that is burning:

LB = 5.86111015 Z MB exg s_l. (3)
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Equ.ti rions (1) and (3), we find the mass in the hydrogen burrning
shell

Mg = 6.48x1018 x (M/lo'wmo yr 1z g, (4)
where he mass fraction of hydrogen and Z, the mctallicity of the
pccre! cerial.,

t ing the stellar structu-e¢ equations for the temperature gra-
dient 2 radiation transport dominated by conduction) and mass con-
serv. {Clayton 1968) gives the temperature gradient in Lagrangian
(mass .ovordinates

4
g(T ) . *(r)ui(r) e
an = -3 . (5)
‘ 16n"acr
While the neutron star has a radius of R, = 14.3 km, the Fydrogen shel!

extends only 20 m down from the photospheric surface, so to good approx
imation the radius in ecquation (5), prior to the explosive outburst, may
be teken as constant, i.c., r = R . In 4 ation, we assume Lir) s
approximately constant throughout the shell with a value, Ls' riven by
cquation (2). Although this is not strictly truc at the basc of the
shell where most of the nuclcar burning i< occurrang, it 1s a fanirly
good approximation for much of the mass of the shell, and is sufficient
to obtain a rough estaimate for the shell naramcters. Integrating equa

tion 15) €rom the surface (M- 0, T - TO) dowr: through an envelope mass

M, we obtain



\ 3L
11 = —E—n (6)
© lﬁnzlcR:

where v it the mass averaged opacity

M
J xnan N
" cm g .

Evalusting equation (6) at the base of the hydrogen layer using equa-

tions (1) aad (4) gives
. 1/2 [+ M.31/4
('r:l—rz)”‘xs.osuo7 -’—‘-EL“E -0’% e ; ELL K, (8)
4 ) 10 M.yr p

where MT is the total mass of accreted material. To within an accuracy

of about 5%, rlulMT ~ 0.95 in all numerical models.

Since the rass and depth of the accreted luyer is negligible com-
pared to the neutron star mass and radius, m and r can be assumed to he
the constant veluos M, and R,. The equation for mess conscrvation and

the condition of hydrostatic equilibrium then give

) [ ]
%ﬁ - i constant . (9)
4nR.

Integrating from the surface (where P ~ 0) inward to mass M (in uwnits of

g) yiolds
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M, 4 -
P(M) = 3.56 M (ﬁiﬁ') (—1—%3M> dynes cn 2 . (10)
[~ L

Given M and the composition of the accreted material, one can then
estimate the mass of the hydrogen layer from equation (4) and the pres-
sure at the base of the layer (we assume Mﬁ/MT = 0.95) from eqnation
(10). With a reasonable guess for To (to which the ecquations are ver)
insensitive for To < 107 K) and F, the temperature at the base of the
burning shell can be found from equation (8), The temperature and pres-
sure are then used to obtain the density at thc shell basc. Opacity
hexre is dominated by electron scattering, but is not necessarily con
stant because of degeneracy effects. We therefore use an initial guess
for ¥ to obtain T". then determine a grid of » through the envelope from
the temperature (cq. [6)) and pressure (cq. [10)) at cach point., Fqua

tion (7) 1s evaluated numerically to obtain », and an iteration is per

formed until a converged value of T" is found,

The resulting conditions at the base of the hydrogen burning layer
for several different metallicitics sre shown in Figure 11, The curves

stop on the left side of the diagram at M where the CNO cycle ceases to

|
be f limited, For M < ND. hydrogen burning reactions regain their ten
perature sensitivity and may or may not be stable. Tf a renawsy con

mences, however, the sbell may heat up until f linstation apain remov. s
the terperature sensitivity, If the condations are such that helavm

burning is dnitiated dn the hvdrogen Yelium laver prior to the onwet of
the P Timited cycle, then a combined hydrogen heliwa runaway will o

(Team 1980b¢) ., There wlno exista a ctitical scoretion sate ”c such that
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for h > &c' helium burning begins prior to hydrogen deplcetion., In such
cases the high temperature sensitivity of the triplc-alpha reaction com-
bined with hydrogen burning by the rp-process (Wullace and Woosley 1981)
results in a thermally unstable hydrogen shell (Taam 1980bc). This
critical accretion ratc depends on Z but may be as high as 10-9 Mo/yr

for Z = 0,02 or as low as 10—10

M /yr for 2 = 4110° % (Taan 1980¢). Thus
Figure 11 should not be uscd when h > hc, The data points in Figure 11
represent the stable hydrogen envelopes for Mcedels A/B, €, and D. QOur
results also agree very well with the numerical enveiope integrations

done by Taam (1980c¢). The inversc dependence of T(M) upon Z (cq. [8])

accounts for the flattening of the curves in Figure 11 at higher 7.,

b) Helium Ignition

Once the parameters of the stable hydrogen shell have been deter
nined from Figure 11, & rough estimate for the density at the base of
the helium shcll at the time it reaches a critical mass can be found by
comparing the radiation daffusjon timescale, T", with the nuclear heat
iny timescale PP Each timescale is v - RI/e, where I ix the universal

gax constant, T 4s the temperature, and ¢ is the energy generation or

loan rate in erg g ! s . For llelium burning,

17 , , 1 1
e T 9.647210 ch'(Mc\)d\/d( crp RS (11)

where Qeff is the effective Q value for the reaction

a 9 i%(lzf) ' T?(IOO), pince in xteady state the triple alpha veaction
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is occasionally followed by 12C(a.y)160. producing a ratio of 160 to 12C

of roughly 2 to 1. Here dY/dt is the rate of change of the 4Hc mass

fraction. Thus,

lo 2,3 -1 -1
€34 = 2.477x10° p°Y fsl3a erg g S o

(12)
where fs is the electron screening correction factor discussed in the
Appendix and A3a is the triple-alpha reaction rate (not divided by 6) of
Fowler , Caughlan, and Zimmerman (1975). A thermal diffusion energy

loss rate can be defined from the temperature gradient cquation as

dac .4 -2 1 -
R 3 1 (pHp) crg g s . (13)

whero "p is a pressurc scalc height. Again taking R+ R, and M = M, as
constants,

2
no- oo (14)
p pGM )

The pressurec can bo oasaly estimatod since it is due almost entirely to
6 -3 ,
degenerate, relativistic elecctrons when p 2 3.7 x 107 g cm for Y « 1,

Setting o i ;

etting t3“ 1R Rives
1

4.321x10 4

. ‘nlihl

"}
Yy (15)

1473

which hax boeun plotted in Figure 12, The curve stops on the left side of
the diagram where we cxpect gross uncertaninty in the screening correc

tion., Thisx ocenrs at the dashed line labelled b - 1,6 (wee the
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Appendix). The curve labelled [84 = 168 shows approximately where the
liquid/solid phase transition occurs in helium, so that a pycnonuclear
triple—alpha reactiorn rate must be employed. It seems that investiga-
tions of lower temperature (i.e., lower h and lower Z than treated hecre)
models must await the development of a more comprehensive treatment of
electron screening and pycnonuclear reactions. The total mass of the
envelope, also indicated in Figure 12, can be found by solving equation
(10) using the degencratc elcctron equation of statec and assuming most
of the envelope mass is in helium. The data points plotted in Figure 12

show the conditions present in the numerical models when thermal insta-

bilities developed.

¢) Rndiantion Driven Wind and the Photosphere

Both Models B and C experienced a sustained opoch of radiatively
drivon mass loss during which I remained near the Eddington value and
14 -1 - . .
mass was lost at a rato of about 10 g 5 . The Eddington Luminosiy
is the luminosity at which tho pressure required for hydrostatic oquili

brium is completoly supplied by the radiation flux. If radiation pres-

sure (P =~ nTA/J) is substituted into equntion (11), then

I oGMp 4 34T

dr 2 3 ar (1o)
' g

Using the diffusion equation for d1/dr yields the Eddington Luminosity

ax
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L. 4r erg 571 (17)
) m(_f)(#’) erg 51, (18)
©

and for a ﬂo neutron star with K = 0,34 (electron scattering), lId
= 2.1x10 i s—l. Both Modcls B and C show that when a large radia-
tion flu: uddenly deposited in the star'’s outer layers, the photo-
sphere q y (within about one millisecond) expands to where it can
radiate vout the Eddington luminosity, with an accompanying radia-
tively ¢ n wind, This effect suggests that without confining the sur-
face p (¢.g., with magnetic ficlds, as discussed in Woosley and
Wallan 1), the surface will always swell to a large radius and radi-
atc .~ 2 koV) x-rays at approximately the Hddington luminosity.
How Wilson, and Barton (1981) have found the same Eddington limit

(aganin achieved within 1 ms) in their two-dimensional canlculation of a
neutron star -~ asteroid collision, Thus, a hard y-ray burst from ther

mal processes 18 probably not possible without magnetic confinement,

To obtain a semi empirical estimate of the mass loss rate arising
from the radiatively driven wind, suppose the luminosity is slightly

above L., L« fL

Ed vhere f 2’1. The net force on a spherical shell of

Ed’
mass (i.e0., the eoxcess over that required to balance pravity) s

(Faulkner 1970)

¥ - /p dA ~ (f DL, /¢
CXCOSN Fd

(f 1)406M/» erg cm . (1)
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The amocunt of mas: accelerated to the escape velocity, Vesc in time t

SC

is m, where

Vesc = (F/m)t

DLggt = (20)
mc '

Since m/t is approximately the mass loss rate m (= dm/dt), we have

DL 1

m ¥ = g s , (21)
v ¢
esc

/2
c

where v = (ZGM‘/R)1 m s—l. For a 1,41 M star with R = 14,3 km, «
esc @

= 0.2, and f = 2, equation (21) gives m ~ 811017 g shl. comparable to

the values found in our model calcnlations,

As discussed in Section 1I, our Lagrangian hydrodynamic codo is
unable to follow the detailed evolution of the expanding photosphere;
howover, an analytic uppoer limit on the photospheric radius R may be

obtnined. The mass loss rate

m - 4nr2pv (22)

iz constant for sufficiently large r. Assuming v o " in the region of
interest, with n > 0 and approximately constant, then the denrity s

given by

plr) ~ p(R)(R/r)n'z R cm 3 . (23)
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wvhere R is a radius at which the density p(R) is known. Substituting

equation (23) into the definition of the photospheric radius R

»

Jj pxdr - /3 , (24)

and integrating (with ¥ ~ constant) yields

PR IR = (10/3) (1+41)(0.2/% ) g — (25)

and ¥ ~ 0.2 throughout thc photospheric region in the numerical models.
Since Rp must be greater than the initial radius of the neutron star, we

may conclude that p(Rp) < 1078 B cm~3.

In addition p(RP) is limited by the foct that the atmosphere can
not contain move material than has been cjected from the ncutron star

surface since the event began:

R
P . .
/ 41rr2p(r)dr < f(t) mdt + mt , (20)

Yy

wvhere T is the injection radius, dofined by the distance beyond which m

is constant., Substituting equation (23) into equation (26) yiclds

R
ni2 P 1 ¢
4;:;»(I(l )“l" :‘/ r dr ¢ mt (27)
3
4
The rumericnl models suggest n~ 1 noanr r ~ R, «o

n»
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3 L[]
4anp(Rp) ln(Rp/ri) ¢ mt . (28)

Substituting equation (25) intn cquation (28) and using ¥ = 0.2, m =

1018 g s-1 gives

)
RZIn(R_/r,) ¢ 10360 . (29)
o p i

Thus, for Ki ~ 18 ¥m, Rp must be less than 540, 1500, and 4300 km for
times of 1, 10, snd 100 seconds respectively. Note that these wvalues
are gross overcstimatos, since they were obtained usiung an unrealisti-
cally large mass for the envelope {i.e., assuming that no mass fluxed

through the photosplere).

The recurrence timescales (total envelope mass divided by h) for
the numerical models described here range from 4 months to 240 years,
This may be long cnough for gravitational settling of heavy dons to sig-
nificantly alter the envelope composition (Rosen 1969), and hence the
thermal structuv.e of (be entire accreted layer. Unfortunately, reliable
ostimatos for the diffusion coefficients in veory degenerate material do
not yet exist, although recent estimates of the diffusion timescale in
the atmospheres of wnite dwarfs (Fontaine and Michaud 1979, Alcock and
(1larionov 1980} suppest that such a process is very dmportant there,
Given the much stroager surface pgravity of n neutyon star, one mipht

cxpect pravitational settting of heavy dons to be an jmportant effect in
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neutron star atmospheres. According to Fcncain and Michaud (1979), the

abundance by mass of a trace element 2 diffusing through the major con-—

stitvent 1 at a depth where the diffusion velocity is L is given by

X, = Xz(O)exp(—t/G), (30)

2

where the diffusion timescale © is given by

1 1

o = 7.958x10 *aM(RZpw )T s, (31)
AM is the mass in g beitween this point and the surfacse, R6 is the radius
in ]06 cm, and p is the density. The diffusion velocity is W, =
wg(lff'), where ¥ is the diffusion velocity due¢ to gravitational sct-
tling alone (the pressurc gradient term) and f' expresses the relative
importance of thermal diffusion to gravitational scttling, wg can be
written as

ws . n12[7\:(1+£1)—22_1]pg“, . (32)

whero Ai and Zi are the atomic weipght and charge of specics 1, g is the
gravitational acceleration, and P is the pressure. The diffusion coef-

ficicnt l)12 is given by

1.0259x10° T;/z
D, o oy e e (33)
12" a1/2 2.2
A 2o (x /A 2525 A (2)

A
where T7 is the temperature in 107 K, A”AlAz/(Al*AZ) is the reduced
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atomic weight, and A1(2) is the logarithmic term

AL(2) = In(1+ xf)), (34)

. 4.530210° T3
x% = ]

D 2, 2,
leip(z:xizi/Ai)

. (35)

At the base of the hydrogen layer in Model C, the conditions listed in
Table 1 give A1(2) = 1.68 for the diffusion of 12C through a hydrogen
plasma. Fontain and Micheud suggest that their method breaks down
(owing to degeneracy effects) for A1(2) < 3 and may undercstimate © by a
factor of 10 when A1(2) = 0.1, Nevertheless, if this valuec is used to
estimate a diffusion timescale the result is 6 ~ 11107 s (f' depends on
d1pT/d1nP and is much less than 1 here). Thus in Model C thc metal dif-
fusion timescale is about 4 months while the accretion timescale for the
accumulation of the 2.4x1022 g hydrogen envelope is about 7 months,

Such similar timescales suggest that diffusion effects could be impor-
tant., However, Alcock and Illarionov (1980) suggest multiplying equa-

tion (35) by nl/z

exp(n), where n is the degen:racy parameter. For Mndel
C, n ~ 33 at the hydrogen shell base, so © would incrcase a factor of

20, Further effort to determine D12 in degenerate situations is obvi-

ously neceded.
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IV, Suerly

Type I x—ray bursts, certain fast x-ray transients, and some
gehuma~ray buorsts may all be a family of event: resulting from thermonu-
clesr runaways (mainly involving helium) on accreting neutron stars (y-—
ray bursts will require the presence of a magnetic fiecld and will be
discussed in a subsequent paper: Woosley and Wallace 1981). The most
important parameters distinguishing these events are the accretion rate
h, the metallicity Z of the accreted material, the magnetic field
strength B, and, to a lesscr extent, M‘/R‘2 and the rotation rate.

Lower h and 7Z lead to thicker helium layers and theretore produce bursts

of prcater energy and longer duration,

In extreme cases, degenerate hoelium ignition may be so violeant as
to produce a nuclear dctonation wave. Accumulation of a sufficiently
thick hclium layer for a dctonation to deveclop seems a likely conse-
quence of low sccretion rates and/or low metallicity (possibly owing to
gravitational settling). For even lower values of h, a hydrogen/helium
shell flash may result, rather than the accumulation of a thick helium
layer (Taam 1980b). The Lelium detonation scenario for moderately low [l
and Z may be morc plausible than the carbon detonaticns originally
envisioned by Woosley and Taam (1976) because the hydropgen burning shell
may be stabilized by beta limitation while a stable low temperature
heclium burning shell is more difficult to obtain., Also, our helium

12
shells burn directly to 56Nj and produce ncgligible l“C.
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Super-Eddington luminosities from thermonuclear burning on a neu-
tron star surface will promote extensive mass loss in the form of =
radiatively driven wind, The mass loss rate will be of the order 1018 g
5—1 and will endure so long as the luminosity exceeds the Eddington
value. This extreme radiation pressure causes the photosphere to extend
to several times the original peutron star radius w~ithin about 10 us
following helium ignition., At this large radius, the .. diates 1ow
energy (~ 2 keV) x—rays at a luminosity near the Eddingto: alue. VWhile
we have no: examii=d less energetic models {(with higher accrction rates)
that may make morc typic.: x-ray bursts (c.g.Joss 1978; Taam 1980a),

observations of such events indicate L ~ LE (e.g., Lewin et al. 1976),

d
so the photosphere in those cases may also not correspond to the radius

of a8 cold neutron star. If so, ccrtain "flat top"” Tpe I x-ray bursts

may also be expected to exhibit the soft-hard-soft spectral evolution
discussed below for our more energetic events. Indeed, ju:.. such an

evolution in the spectra of tle Terzan 2 x—ray burst has becn observed

by Griundlay et s8l1l., 1980. We also sece evidence for such a spectral cvo-

lution in the 1979 July 21 and July 24 burst spectra obscrved by Mak-

ishima et al, (1981; their Figure 3). We also note that trecatment of

the photosphere in previous calculations of x-ray bursters (Joss 1978,

Joss and Li 1980) has oftcn been artificial and without theuse ot extremely fine
14

mass zoning (we employed zoning down to 10 g to study the mass

loss), which may have suppressed *his important cffect.

Material lost from the ncutron star is important for a varicty of

reasons: 1) Since the photosphe ¢ no longer corresponds to the surface
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of the cold ncutron star, spectral considerations (e.g., redshifted
lines or L/T:ff) may not furnish useful informatijon on the equation of
state for high density matier. Care should be taken to use such con-
siderations orly when the luminosity is known to be substantially sub-
Eddington. 2) The ejected material will have a velceity comparable to
the escape velocity of the neu.ron star {about 100 MeV/nucleon). Such
energetic particles might cause an observable y-line signal from nuclear
inelastic scattering reactions, especially if trapped in the neutron
star magnetosphere. 3) The total amount of energetic purticles ejectcd
into the galaxy in this manner could be &n 1wpcrtant contribution to low
energy cosmic rays., 4) A portion of the ejected matter may be trapped
in an extcended magnetosphere and later re—accreted, This would lead to
enduring post cvent activity from the high encrgy transicat. 5) Near-
rclativistic electrons are ejected, and if a magnetic field is present,

c¢yclotron radiation might be produced.

The effective temperature for the transients in our study is low
(about 107 K) during the Eddington Luminnsity phase, owing to the sizc
of the extended photosprherce. As the luminosity falls slightly below lEd
and the photospherc recedes, Tc[f rises snarply to s peak (when the
radius again rcaches that for the initial cold neutron star), then gra-
dunlly falls off with the decreasing luninosity, This sharp rise fol
lov od by a decrense in the effective temperature, as the luminosity

declines below the Eddington value, should be characteristic of all

Eddington limited x ruy transients.
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The two specific model calculations followed to completion and
presented here produce fast x-ray transients iasting from about §
minutes to 2 hours, although we suspect thut varying ﬁ and Z could
extend the range significantly in both directions. Tuese time scales
are to be compared to models for x-ray bursts studied by Joss and Li
(1980), which last only a few scconds. Several x-ray transicnts with
¢urations ranging from 12 s to e few hours have been obscrved (Cook
1976; Schrijver ¢t al, 1978)., In addition, the fast x-ray transients
with precursors described by Hoffmann et al. (1978) have timescale and
spectral characteristics that agree well with our models. We fail, how
ever, to produce the precursors i(scparated by severul scconds from the

main event) present in those obicrvations,

Several unresolved problems are particularly in need of further
study. A quantitative assessment of the role of pravitational aettlang
in depleting the metallicity of accreted matter is requirced. The steady
state hydrogen shell temperature depends explicitly on 7, since the
limitcd energy generation rate is dircctly proportional to the met.,
city. If the hydrogen shell determines the temperature i1n the helaw
layer through conduction, then the helium mass, and hence the event
energy, depends on Z, Studies of strong and pycnonuclear screening
corrections for helium burning are ersascntial for determiming the evolu
tion of models with extremely low 7 o h. where "cold” (;761107 K)
helium shells with base densities above 100 g cm 1 may be formed,

Further 1D calculations of stars with somewhat lower accretion rates

(and thus low hydrogen shel) temperature) than constdered here, and
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Fuleraan recalculations of the present modcls tu determine more accurate
photuspheric cvolution during the Eddington Lunminosity phase, should
provide impertant results., Full 2D calculations arc requared to deter:
winc the propagation charucteristics of a detonation or deflagration

wave along the ncutron star surface, simce the agrition would actually

L P L R A T A S U AN 2 S I INPRTR AT FIOU AU B KV EPRL T IS [

times sugpested by the 1D medels presented 1n this paper are signifa
;antly shorter thun the sound travel time around the star, and must not
be taken & obaervable yase tames.  In fact, Makishina et al. (1981)
have recently chserved three type Iz ray bursts havang rise times of §
10 4, rather than the usual ¢ 2 s fer such events, This relatively
lony rise tare maght be consistont witlh a helium tunaway savilar to the
high h accrcetien caves studicd by Joss (e p., Joss 1978, Joss and Ia

1950}, but whote toemporal allowance nust by made for the detlagration

wave to profagate arcand tho stellblar surtace,
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APPENDIX

ELECTRON SCREENING

The reaction rates uscd in our numerical calculations have been
corrected for the effects of electron screcning as described by Graboske
et al. (1973). Their formvlation, however, evaluatcs key parameters in
the screening function by assuming the intecructing nuclei to be at zero
scparation., Morc recently, othcr mcthods have been developed to tale
into account the important spatial depeadence of the screening function,
and we have adapted one such method to calculate the screening enhance-
ment included in the results shown in Figure 12, Ttoh ¢t al. (1979)
included spatial dependence in their calculation of the enhancement fac-
tor for a general mixture of ions by lincarly extrapolating DeViatt's
(1979) Monte Carlo computation datn for the screening furction to zero
scparation, Jancovici (1977) has shown that the spatial dependence 1
quudratic ncar the origin, leading to significantly different results
from those obtained with a lincar extrapolation (DeViitt 1980). Alastucy
and Jencovici (1978) have calculated the screening correction factor for
a ono component plasma using the more accurate quadratic spatial depen:
dence of the screening function, Following the method sugpested by Jan
covici (1980), we may genevalize the results of Alnastucy and Jancovici
(1978) to an arbitrary mixture of ions. The dimensionless parnmeter, v,
of Alastuey and Jancovici c¢an be peneralirzed to (e.p., Ttoh cu al.

1979)
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A.ZZZ 441/3
2\ 2AZ c
21x 172

2
NAkTh

2,24

1/3
272
= 4.24872[ TZAIZJ ’ (A2)
9

A
where A’AlAz/(A1+A2) is the reduced atomic number, Z, and Z, are the

charges of the two reacting particles, and T9 is .he temperature in

units of 109 K. Alastuey and Jancovici obtained a screening enhancement

factor for the one-component system of f = exp H, where

4

B - c-S(2b3-0.0140%0.128b%) -1 (0.00550%-0.009807 +0.00480") . (A3)

3°32
C was calculated by Jancovici (1977), b : 3[/x, and [ will be discussed
below. The constant C was computed using the result from the Monte Carlo
calculations on binary mixturecs of Hansen ¢t al. (1977) that the excoss
freo energy F of a mixture of N1 ions (charge Zl) and N, ions (chargo

Lz) obeys

. ,3/3 .
pr = leo(['l,l )+N2f“(r'4

5/3

2 ) . (A4)
AT 2, . 1/3

whoro 1/ =~ kT, [' = Pe”/a', a' = (3/4nn°) and fO is the cxcoss froc

energy of tho one-component system. If ecquation (A4) can bo genevnlized

to an arbitrary mixture. then ¢ become: (Mochkovitch 1980, Jancovici

1980)
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,5/3 5/3 /3

5
= ] et - s .
C=f (frey ")+ (['Zy )= ([ (2 +7y) | (AS)
where the electron number density is
2 = dnZ
Lty
e i Ek

= ph‘A leXk/Ak . (A6)

k

and Xk is the mass fraction of species k. Combining equation (A6) with

the definition of [' and a' gives

2{4nn 1/3
y L ] €
= yr| 3

= 2.27403x10"4lp(1:zk
x

, 1/3 ..
Xk/Ak)] /19 . (A7)

where p is the density in g cm —3. The Monte Carlo computer results for
the excess {reo energy f“ are fit in the range 0.8 < [ ¢ 168 by (Hansen

t al, 1977)

£.4r) - '0.800434{43.44740[1/4“0.5551lnr-2.090 (A8)

Using equations (AR) and (A7) in equation (AS) yiclds

C - 0.R96434] "7 3.44740r"/4;—0.5551(1n['o(5/1)1n(z!72/(xloz,))

-2.996 (A9)
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where
~ 5/3_ 5/3_.5/3
z (114-12) 24 z,
= (s 4z )5/12_15/12_25/12

1 72 1 2
The secons i term in equation {(A3), (t/3)5b3/3?, is the first tern in
the expansicn near the origin of the potential of mean force, zlzvcz/r +

w(r), which is rclated to the classical pair correlation function gc(r)

by

£, () - cxp(—ﬂ[ll'l.zcz/ﬂw(r)]) X

Jancovici (1977) showed that w(r) can be written as

gy don
fiw(r) » ~C + ﬂ§fﬁ9-~;ﬁr2 + ... (A10)

For a multi-component plasma, the definitions of [, a', and </

(21422)/2 can be used to write equation (A10) as

ZJZZ r
Pulr) = - C EY&,4227’ POEREERE (A1)

Expanding equation (A11) dn a Taylor Series by the method of Alastuey
and Jancovici {1978), and using equation (A1) yiclds the cesult for I of

3

A0 T (14T, 1/ 2
.1 % 17972 ) .
i ( 3 3?[ r ( 2 > LA (A12)

12
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This can be identified with equation (A3) if v = v,, and [ = [ ¢, where
1/3

2 v e
Tegf = (21*22) ZyZ1 . (A13)

The other terms in squation (A3) were obtained by analyzing the computer
results for the pair distribution function of a one-component plasma.
In the absence of computer results for arbitrary plasmas, we have

assumed that the remaining terms in equation (A3) can be gencralized as

in cquation (Al12) with the substitution b = 3rcf[/112'

In summary, we have computed thke screening correction in the strong
screening region 0.8 ¢ [off € 168 by using equation (A3) with equations
(A2), (A7), (A9), and (A13)., This formalism is only valid in the range
0 (b < 1.6 (Alastuecy &nd Jancovici 1978). For weak screening, [ ¢ 0.3

(De Witt 1978), the prescription in Graboske et al. was uscd:

g ad2,02, . . R, ,.3,1/2 _
M, o 27,A (izkkk/Ak 4 Izkxk/Ak)l.sxxxo (p/T) (A14)

For intermediate screening., 0.3 ] € 0.8 (PeWitt 1978), an average of

the wenk and strong screcning results was used, as supgested by Salpeter

and Van Horn (1969):

- ) ywnh
(u7
A J

S (A1%)
2yt ?
1 3

Finally, we could {fi1ad no recent screening formalism for heliwn in the

pycnonucl ear region of [rl > 108 (DeWitt 19R0), Extremely important

f

studies of x- and y ray burst models nt very low temperatures and high
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densities await the deveclopment of reasonable screeninpg approximations

for b > 1.6 and reff > 168,

The screenirg correction for the triple alpha reaction was computed

in the mapner sunggested by Salpeter and Van Horn (1969) of taking

n. = B(ata)+1( Beta) , (A16)

3a
slthough there has “een some recent controvarsy over the validity of

this method (Jancovici 1980).

For the conditions at the helium ignition point shown in Table 1
for Model B, the Graboske et al. (1973) screening factor is 11.56,
whereas t*+~ above formalism gives 11.68,. For the conditions at the
correspondirg point in Model C, the Graboske et al. factor is 1.421105,
and the {actor from the above formalism is 6.341104. Thus, the screen-
ing in our numcrical calculations is not off by more than about a factor
of two in the wor 't case {rom that suggested by mosy recent work, and
the rosults proscated should be reliuble., However, for the lower tea-
peraturec and hipher densities sppropriate to models with lower values
of h and Z (see Figurcs il nnd 12) than treated here, the formalism
described in this erpe dix differs significantly from oldor methods,

-11

For example when M - 107 Mo/yr and Z = 10N5 (perhaps owing to diffu-

sion effects), the expected temperature (from Scction I1la) is about

5.6IIOI K an' the deasity at the base of the helium laycer may be as high

ax 1()9 B cmus. In this cese, the Graboske et al. scroening factor ix

"
3.811014 and woe would calculate 1.5!101”. a factor of 250 lower.
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TABLE 1

NUMERICAL MODEL CHARACTERISTICS

Model A Model B Model C Model D
M (M /yr)  1.16 (-10) 1.16 (-10)  2.07 (-11) 3.53 (-10)
Z 9 (-4) 9 (-4) 4 (-5) 2 (-2)
My (g) 6.0 (+21) 2.4 (+22) 8.0 {+20)
Py (s e ) 4.28  (45) 1.14 (+6) 1,00 (+5)
Ty ()  1.21 (+8) 1.21 (+8) 7.45 (+7) 1.22 (+8)
AR (m) 1.7 (41) 2.3 (+#1) 1.0 (+1)
My, (g) 1.40 (+23)  1.40 (+23)  1.00 (+25) 2.70 (+23)
e (8 em ) 6.41 (+6)  6.41 (+6) 1.15 (+8)  9.55 (+6)
AR"c (m) 1.5 (+1) 1.5 (+1) 7.3 (+1) 3.6 (+1)
AM" () —--——— 2 (370) v (s21) ————~
n® (g/s) ———— 1  (11%) 1 (41Y) e ——
Ey (erg) ———"—— 1,28 (+41) 1.90 (+42) ——m—
E, (erg) ~—----—= 3,91 (438) 1.47 (443) ——  ——
rt (s) ———-—=—  3.20 (42) 6.50 (+3) —— v
T Y R 1 ——
T oee (yr) 6.1  (-1) 6.1 (-1) 2.4 (42) 3.8 (-1)

® Total Mius lost during the outburst.

b

€ Time during which L. > 0.5 L

d

Mnss loss rate during wind phasc.

Time for L to reach 0.5 LF(

d’
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FIGURE CAPTIONS

FIG. 1. - Figure l1a shows the Temperature and density in the

38 1 (t ~ 5 us).

envelope of Model A when L has just reached 10 erg s
Herc Rp = 14,319 km is the photospheric radius, and M, = 1.41 Me is the
total mass of the star, so that M, - M(r) is the amount of mass cxterior
to radjus r., Discontinuities are present at the composition boundarics
between the hydrogen shell (right hand portion of the disgram), the
helium shell, and the iror .ubstrate. Figure 1b shows the composition

of the envelope at the same time, with abundances given by mass frac-

tion.

FIG, 2. - Thermodynamic structure and conposition of the enve.ope
. L . 38 -1
in Model P when the luminosity just reaches 10 erg s . Here the pho-
tospheric radius Rp is 14,410 km, and the axes arc as defined in Figure
86 .
1. The helium eventually burns completely to “"Ni, which decays to

Sch.

FIG. J. = Figure 3a shows the bolemetric laght curve for Nodel B,
The precise photospheric evolution c¢ould not be obtained during the wind
phase, so for this period the Eddington luminosity is indicated by the
dushed line (essentially coincident with the data points), At three
times during the wind phase, the course model was finely zoned, and the
resulting luminositics are plotted as data points, The inset shows the
initinl luminosity rise in more detail, illustrating a rise time on the
order of milliscconds. Figure 3b gives the effecor e temperature (Tv!l:

’

solid) and photospheric radius (K ; dash dot) evolution tor the event,
1Y
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The luminosity of the finely zoned modcls remained constant at the
Eddington value; however, the radius continued to increase, s0 only
lower limits to the radius (and hence upper limits to chf) are shown as
data points during the wind phase. Dashed lines during that time indi-
cate the qualitative behavior of Rp and Teff'
FIG. 4. - Tuhe substantially super Eddington luminosity at the base
of the photosphere (r0 = 14,35 km) indicates the large amount of energy

stored in the gravitational potential of the expanding photospherve dur-

ing the wind ph~ce of Model B.

FIG., 5. - As the outer cnvelope in Model B was more finely zoned,
the apparent photospheric radius rapidly increased., Once this transient
response to the abrupt rezoning had passed, the photo:.phere still con-
tinued to expand gradually with time. The points where the radius
ceased its rapid increnss were taken as the lower limits for Rp plotted
in Figures 3 and 9 (i.c. the point at t - 192 ms in Figure § was usced in

Figure 3).

FIG, 6, - Some thermodynamice quantities in the envelope of w fincly
zoned calculation for Model B at t - 33.197 s, The sound speed is ¢
A

- \/;sz. where y = 4/3, and the gas sonic speed is cw . \/P;7p. The

photosphere is roughly at 45 km, with chf ~ 11.81106 K, and a surface

luminosity of 2.72x1038 (3 S T

FIG, 7. - Thermodynamic conditions and abundances in Mode!l € just
after the shock reached the surface. The axes nre defined asx in Figure
9
1, but with Np - 14.30% km here. Temperatures as high as 6x10 K were

reached at the base of the helium shell, and sxurface velocities
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exceeding 1010 cm s—1 were produced. Again, all the helium eventually

56 56

burned to Ni, which later decayed to " Fec.

FIG. 8. — Radius and temperature at the boundary of sevcral
representative mass regions in the envelope during the rise in surface
luminosity of Model C. The mass indicated is that mass external to the
given zone boundary. The original radius of the cold ncutron star was
14.3 km, so ~ 1024 g of material have been pushed above the original

surfuce at this time.

FIG. 9. - Figurc 9a shows the bolometric light curve for Model (.
The Eddington luminosity is again indicated by a dashed line during the
wind phase, and results of two fincly zoned models arc shown ns data

points. Fipure 3b gives the elfective temperature ('l‘° solid) and

re!
photospheric radius (Rp; dash—do.) evolution for the event. Dashed
lines during the wind phase indicate the qualitative behavior of Rp and
Teff' and upper and lower limits obtained from the finely zoned models
aro shown as arrows, The y ray splke producod as the shock wave broke
through the surface is shown in the ifnset, and the JTuminosity at shock

break-out follows the same evolution as the effective temneorature, since

the radius had not yet hegpun to incroase.

FitG. 10 Neutrino luminoxity evolution for Model ¢, Neutrino
emianion war the dominant cooling mechaniam, with a totnl encrpy uf
3
1.471104' erg emitted in neutrinos, Neyond about 6000 s, the curve i
50 A6,
dashed, aince the contribution from Ni(e V)" "Fe (at a rather uncertain

rate) ia comparable to that from plasma processes,
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FIG, 11. - Temperature, density, and envelope mass for stable

hydrogen burning enveclopes as 8 function of mass accretion ratc M and

metallicity. “ﬂ is the amount of matcrial burning by the B-limited CNO
cycle, vhich is about 95% of the entire hydrogen envelope mass., Tem-
perature and density curves for Z = 0.02, Z = 0,002, and Z = 0.0002 are
indicated in Figure 1la by solid, dashed, and dash--dot lines respec-
tively. Curves for Z = 9:10_4 and 4:10-s arc indicated in Figure 11b by
solid and dashed lines respectively. All curves stop on the left of the
dingrams where the CNO cycle conses to be f-1limited, ao that u stable
configuration may not exist. The conditions suggested in thcse diagrams
should also not be used for h ) hc, which is the accrction rate where
the hydrogon and hclium burning shclls overlap, and a hydrogen/hclium
runaway is likeoly to occur (Taam 1980c). ﬁc may be as high as 10_9

10 M./yr for 7 « 4x10°%. Data points

Mﬁ/yr for Z = 0.02 or as low as 10
show the stable hydrogen envcelope parametors for the numerical models

listed in Table 1.

FIG, 12, -- Helium ignition curve, where the radiative diffusion
cooling time (tR) equals the nuclcar hesting time (t3u), and a thermonu-
clear runaway is expected to occur. M, -~ M(r) is the mass contalned in
the helium shell whose denaity at the base is given by the left axis,
Ihe curve labeled b ~ 1,6 indicates where the thecory usced to calculate
the electron screening factor for nuclear reactions breaks down, The
line [u‘ = 168 indicatesn where the aolid/liquid phase transition occurs
for the BHr(u.y)lzf roaction, and a pycnonuclear th ory would have to be

uscd. The composition of the helium envelope was taken to be X“ « 1.0,
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Data points indicate conditions at the base of the helium shells given

in Table 1 for the numerical models when the runaways initiated.
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